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The Caenorhabditis elegans Centrosomal Protein
SPD-2 Is Required for both Pericentriolar Material
Recruitment and Centriole Duplication
(PCM). The PCM is the major site of MT nucleation and
anchoring both in interphase and mitosis [4]. During
interphase, the centrosomes contain a relatively small
amount of PCM components. In preparation for mitosis,
the centrosomes accumulate 3- to 5-fold more PCM
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and Genetics components, thereby increasing their size and MT nu-
cleation capacity (a process called centrosome matura-Pfotenhauerstrasse 108
01307 Dresden tion) [5, 6]. The onset of centrosome maturation coin-
cides with the activation of Cdk-1 and is regulated, atGermany
least in part, through Aurora-A and Polo-like kinases
[7–10, 44].
The centrioles define the site of PCM assembly, andSummary
therefore, by controlling the centriole duplication cycle,
a cell ensures it has a single centrosome during in-Background: The centrosome is composed of a centri-
terphase and two during mitosis. In mammalian cells,ole pair and pericentriolar material (PCM). By marking
centrosome duplication is initiated by the disorientationthe site of PCM assembly, the centrioles define the num-
of the mother and daughter centrioles and is regulatedber of centrosomes present in the cell. The PCM, in
by the cyclin-dependent kinase Cdk2 and cyclin A/Eturn, is responsible for the microtubule (MT) nucleation
[11, 12]. After centriole disorientation, a precursor of theactivity of centrosomes. Therefore, in order to assemble
daughter centrioles forms at right angles to the mothera functional bipolar mitotic spindle, a cell needs to con-
centrioles where the daughter centrioles begin elongat-trol both centriole duplication and PCM recruitment. To
ing, reaching their full-length by G2/M. The cohesiondate, however, the molecular mechanisms that govern
between the original mother and daughter centrioles isthese two processes still remain poorly understood.
maintained by C-Nap1 [13, 14], the phosphorylation ofResults: Here we show that SPD-2 is a novel compo-
which by Nek2 is thought to initiate the separation of thenent of the C. elegans centrosome. SPD-2 localizes to
duplicated centrosomes [15, 16]. At the time of nuclearthe centriole throughout the cell cycle and accumulates
envelope breakdown (NEBD), the separated centro-on the PCM during mitosis. We show that SPD-2 re-
somes begin organizing the poles of the mitotic spindle,quires SPD-5 for its accumulation on the PCM and that
with each pole containing a centriole pair.in the absence of SPD-2, centrosome assembly fails.
Caenorhabditis elegans has proven to be an amenableWe further show that centriole duplication is also defec-
system to study centrosome assembly. The centriolestive in spd-2(RNAi) embryos, but not in spd-5(RNAi) em-
in C. elegans, rather than containing the usual nine tripletbryos, where PCM recruitment is efficiently blocked.
MTs with associated appendages, are instead com-Conclusions: Taken together, our results suggest that
posed of nine singlet MTs with much less-prominentSPD-2 may link PCM recruitment and centriole duplica-
appendages [17]. To date, two C. elegans centriolartion in C. elegans. SPD-2 shares homology with a human
components have been identified; the core centriolarcentrosome protein, suggesting that this key compo-
protein SAS-4 [18, 19], which remains associated withnent of the C. elegans centrosome is evolutionarily con-
the centriole once it has formed, and ZYG-1 [20], a ki-served.
nase that controls centriole duplication by localizing
transiently to the centrioles at anaphase. In C. elegans,Introduction
the centrioles are eliminated during oogenesis and are
provided by the sperm upon fertilization [21]. SAS-4 isThe centrosome, or microtubule organizing center
present on the sperm centriole, and its intensity stays(MTOC), is the major site of microtubule (MT) nucleation
relatively constant as one or two bright dots at the centerin animal cells (For reviews see [1, 2]). It is responsible
of the centrosome after fertilization and throughout thefor the organization of the interphase array of MTs and,
cell cycle [18, 19]. After fertilization, PCM componentsduring mitosis, the organization of the two spindle poles.
are recruited to the sperm-provided centrioles [21–24].Defects in centrosome function can lead to an inability
The most upstream component implicated in PCM re-to correctly assemble a mitotic spindle and, therefore,
cruitment so far identified is SPD-5, a protein with multi-contribute to genomic instability and cancer progres-
ple coiled-coil domains [22]. SPD-5 directs the recruit-sion [3].
ment of other known PCM components in C. elegans,Centrosomes are composed of a pair of orthogonally
including -tubulin, ZYG-9, and AIR-1 [22]. As the em-oriented centrioles surrounded by an electron-dense
bryos progress further into mitosis the rate of PCM re-proteinaceous lattice termed the pericentriolar material
cruitment increases significantly in a process called cen-
trosome maturation, which is regulated, at least in part,
*Correspondence: pelletie@mpi-cbg.de by the C. elegans ortholog of Aurora-A, AIR-1 [23].2 Present address: Department of Molecular and Cell Biology, Uni-
To date, most of the known C. elegans centrosomalversity of California, Berkeley, 315 LSA, Berkeley, CA 94720-3200.
components identified are required for normal spindle3 Present address: Scionics Computer Innovation, Pfotenhauer-
strasse 110, 01307 Dresden, Germany. assembly in the early embryo [20, 22–27]. To identify
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Figure 1. SPD-2 Is Required for Spindle As-
sembly
(A) Panels summarizing time-lapse movies of
wt and spd-2(RNAi) embryos expressing
GFP::-tubulin. In wt embryos, MT asters
were detected at an early stage and in-
creased in size as the embryos progressed
through mitosis, reaching a maximum at the
metaphase/anaphase transition. In spd-2
(RNAi) embryos, although detectable, MT
asters did not increase significantly in size,
and spindle assembly failed. The indicated
times are in seconds relative to NEBD. Also
see Movies 1 and 2 in the Supplemental Data.
(B) The fluorescence intensity of GFP::
-tubulin at centrosomes in wt (n  4) and
spd-2(RNAi) embryos (n  4) was quantified
and shown either as individual data points
(circles are wt, squares are spd-2(RNAi) em-
bryos) or as a running average for wt (blue
line) or spd-2(RNAi) (red line) embryos. Note
the absence of MT build-up at the centro-
somes prior to NEBD in spd-2(RNAi) em-
bryos.
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novel centrosomal components, we began analyzing sperm centriole (Figure 2C). The fact that centriolar la-
beling was lost after the fertilization of spd-2(RNAi) em-genes exhibiting such defects when targeted by RNAi.
Here we characterize spd-2 (F32H2.3), a gene previously bryos suggests that SPD-2 is not stably associated with
the centriolar structure (Figure 2A). Labeling was alsoshown to be required for spindle assembly by differential
interference contrast (DIC) time-lapse microscopy in observed surrounding the sperm nucleus, although we
could not confirm the specificity of this labeling by spd-which mutants have been identified [28–30] ([46], NCBI
accession number AAQ17186). Here we show that 2(RNAi) given that RNAi does not work efficiently in
the sperm (Figure 2C). Shortly after fertilization, duringSPD-2 is a component of the C. elegans centrosome
required not only for PCM recruitment but also for centri- female meiosis, the amount of SPD-2 on the centriole
remained largely unchanged. SPD-5 or -tubulin wereole duplication. In addition, we provide bioinformatics
evidence suggesting that this key component of the not detected on the centrosome and no MT nucleation
was observed (Figure 2D, top, and data not shown).C. elegans centrosome is conserved in humans.
Upon the completion of meiosis, SPD-2 levels began
increasing, coincident with the accumulation of SPD-5Results
and the onset of MT nucleation (Figure 2D, middle and
bottom). As the embryos entered mitosis, SPD-2 main-F32H2.3(RNAi) and spd-2 embryos have previously been
shown to fail in spindle assembly and to lack conspicu- tained its centriolar localization but, during centrosome
maturation, accumulated on the PCM, coincident withous sperm asters prior to polarization [29, 30]. Sequenc-
ing of spd-2 mutants alleles revealed that F32H2.3 is the increase of -tubulin and SPD-5 levels (Figures 3A
and S2B).spd-2, and we shall therefore refer to it as spd-2 [46].
To better understand the role of SPD-2 in the formation
of MT asters, we looked at spindle assembly in spd- SPD-2 May Be an Evolutionary Conserved
Centrosomal Component2(RNAi) embryos expressing -tubulin tagged with GFP
(Figure 1A). Our results confirmed the spindle assembly To determine if C. elegans SPD-2 had homologs in other
species, we performed database searches with the se-defect previously observed by DIC but, in addition,
showed that the amount of MTs at centrosomes in spd- quence of the Caenorhabditis briggsae ortholog of
SPD-2. One human protein (KIAA1569 and FLJ00145)2(RNAi) embryos did not increase significantly prior to
NEBD, remaining 2- to 3.5-fold lower than in wt embryos and one Drosophila melanogaster protein (CG17286)
with homology to SPD-2 were identified (Figure 3B).throughout the cell cycle (Figures 1A and 1B and Movies
1 and 2). Upon NEBD, MTs began associating with the Back-Blast searches with these two proteins identified
C. elegans SPD-2, thereby confirming the homology. Sixcondensed chromosomes, a situation also observed in
spd-2 and spd-5 mutants that may represent a chroma- putative CDK phosphorylation sites conserved in both
nematodes were identified (Figure 3B). Interestingly, thetin-based mode of MT nucleation [22, 30]. Together
these results suggests that the spindle assembly defect human homolog of SPD-2 was recently shown to be
a component of the mammalian centrosome [31]. Weobserved in spd-2(RNAi) embryos may be due to the
inability of centrosomes to efficiently nucleate MTs, al- therefore would like to propose that KIAA1569 and
CG17286 represent the human and D. melanogaster or-though enough MTs remain to promote centrosome sep-
aration. thologs of SPD-2. The homology between the putative
SPD-2 orthologs is restricted to a 200 amino acid domain
that we named the SPD-2 domain. In nematodes, thisSPD-2 Is a Centrosomal Component
In early C. elegans embryos, SPD-2 exhibited a two- domain is present in the C-terminal part of the proteins.
The SPD-2 domains of C. elegans and C. briggsae sharetiered distribution: a bright, central spot surrounded by
a peripheral dimmer halo (Figure 2A, wild-type). The 46% identity and 63% similarity. This is consistent with
the high degree of divergence observed between a sub-staining pattern was specific for SPD-2, since no label-
ing above background could be observed in mitotic spd- set of orthologous proteins in nematodes, mostly in pro-
tein families that have essential functions [32] (Figure2(RNAi) embryos (Figure 2A, spd-2(RNAi)), and was
blocked by preincubating the antibody with soluble 3B). The percent identity/similarity between the C. ele-
gans SPD-2 domain and its human and fly orthologs areGST::SPD-2 (Figure S1). The bright, central spot sug-
gested that SPD-2 was centriole associated. To verify 15%/36% and 14%/34%, respectively (Figure 3B). Like
C. elegans SPD-2, its orthologs possess a large, pre-this we performed immuno-electron microscopy (im-
muno-EM) and found that gold labeling was observed dicted coiled-coil domain adjacent to the SPD-2 domain.
Further analysis of the SPD-2 domain revealed that itson the centrioles (Figure 2B, magnification of the boxed
region) and also in the periphery of the centrioles in the first 100 amino acids also share homology to members
of the abnormal spindle proteins (Asp, Figure 3C), whicharea corresponding to the PCM (Figure 2B, arrows). The
density of gold labeling was highest within a 100 nm have also been associated with centrosome function
[33–36]. In this case, the percent identity/similarity be-radius from the center of the centrioles and quickly di-
minished further away from the centrioles (Figure 2B, tween C. briggsae, which is more closely related in se-
quence to humans than is C. elegans, and the humangraph). Therefore, we conclude that SPD-2 is a centroso-
mal component that localizes to the centrioles and also and mouse Asp proteins are 20%/35% and 24%/38%,
respectively. Although not addressed experimentally,the PCM.
We compared the spatial and temporal distribution of these results suggest that SPD-2 is an evolutionarily
conserved centrosomal component and that the func-SPD-2 to known centrosome and centriole components.
In mature sperm, SPD-2 colocalized with SAS-4 on the tion of the SPD-2 domain may also be conserved.
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Figure 2. SPD-2 Is a Component of the
C. elegans Centrosome
(A) wt and spd-2(RNAi) embryos were labeled
for DNA (blue), MTs (green), and SPD-2. La-
beling of SPD-2 in wt embryos was restricted
to the centrosome and was two tiered; a
bright, central spot was surrounded by a dim-
mer halo. No labeling could be detected in
spd-2(RNAi) embryos confirming the speci-
ficity of our antibody. Merged images of the
DNA and MT labelings are shown. Bar is
10 m.
(B) Immuno-EM of wt embryos using SPD-2
antibodies. Labeling was observed on the
centrioles (see higher magnification of boxed
region) and in the periphery of centrioles, in
the region corresponding to the PCM (arrows).
The density of gold labeling is plotted against
the distance from the centriole (gold particles/
100 nm2). The labeling density was highest
within 100 nm of the centriole. Bar is 250 nm.
(C) Mature sperms were labeled for DNA
(blue), SAS-4 (green), and SPD-2 (red). Note
that SPD-2 and SAS-4 are both found on the
sperm centriole. Bar is 1 m.
(D) Embryos shortly after fertilization (top),
further into female meiosis (middle), and
shortly after the completion of female meiosis
(bottom) were labeled for DNA (blue), MTs
(green), SPD-2, and SPD-5. Note that SPD-5
localizes to the centrosomes after SPD-2.
Merged images of the DNA and MT labelings
are shown. Bar is 10 m.
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Figure 3. Centrosomal Distribution of SPD-2
during the First Cell Division and the Domain
Structure of SPD-2 Homologs
(A) wt embryos after meiosis, at prometa-
phase, and at telophase were stained for DNA
(not shown), SPD-2 (red), SAS-4 (green), and
SPD-5 (blue). See Figure S2A for the stages
analyzed. Merged images at the three differ-
ent stages are also shown. Bar is 1 m. Note
that SPD-2 localizes to both the PCM and the
centrioles.
(B) Domain structure of C. elegans SPD-2 and
multiple sequence alignment of the putative
SPD-2 orthologs. SPD-2 contains a coiled-
coil domain (aa 200–470, red box) and a
SPD-2 domain (aa 484–714, green box) de-
fined by similarity to its orthologs in other
species. By comparing C. elegans and
C. briggsae SPD-2, we identified six con-
served CDK phosphorylation sites (consen-
sus sequence: [ST]-P, indicated by black cir-
cles; aa positions 143, 171, 220, 233, 259 and
545 in C. elegans SPD-2). The putative phos-
phorylation site within the SPD-2 domain that
is conserved in nematodes is not present in
other eukaryotes. The conserved residues
are boxed in green; the putative CDK phos-
phorylation sites are boxed in black with yel-
low lettering.
(C) Multiple sequence alignment of the N-ter-
minal region of the SPD-2 domain with the
homologous region of vertebrate abnormal
spindle proteins (Asp). Nearly all conserved
residues present within the N-terminal region
of the SPD-2 domain are also present in the
N terminus of Asp proteins. Residues that are
conserved in at least 87% of the sequences
of the SPD-2 domain and Asp proteins are
highlighted in yellow, those that are only spe-
cific for the SPD-2 domain are boxed in green,
and those that are only specific for the Asp
N-terminal domain are boxed in gray. Abbre-
viations: Hs, Homo sapiens; Dm, Drosophila
melanogaster; Cb, Caenorhabditis briggsae;
Ce, Caenorhabditis elegans; Gg, Gallus gal-
lus; Xl, Xenopus laevis; and Dr, Danio rerio.
Additional information about the alignments
and accession numbers of the sequences
used can be found in the Supplemental Data.
SPD-2 and SPD-5 Are Mutually Required for Their transgenic worms expressing SPD-2 tagged with GFP
(GFP::SPD-2). Time-lapse imaging of wt embryosAccumulation on Centrosomes
To determine whether SPD-5 was required for the showed that the level of SPD-2 present on the centro-
some increased over time, reaching a maximum at thecentrosomal accumulation of SPD-2, we generated
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metaphase to anaphase transition (Figures 4A and 4B,
wild-type, and Movies 3 and 4). In spd-5(RNAi) embryos,
no accumulation of GFP-SPD-2 could be detected as
the cell progressed through mitosis, although a small
structure was always present (Figures 4A and 4B, spd-5
(RNAi), and Movies 5 and 6). In a separate set of experi-
ments, SPD-2 labeling was restricted to the centriolar
region in spd-5(RNAi) embryos, as judged by its colocali-
zation with the centriolar protein SAS-4 (data not
shown). Together, these results suggest that SPD-5 is
required for the accumulation of SPD-2 on the PCM, but
not for its centriolar association. However, we cannot
be certain that this is not due to undetectable residual
SPD-5 left after RNAi. It was previously shown that the
amount of SPD-5 and -tubulin on mitotic centrosomes
is reduced in spd-2 mutants [22, 30]. In spd-2(RNAi)
embryos, we also observed low levels of SPD-5 on
mitotic centrosomes and, consequently, low levels of
-tubulin confirming the previously published work (Fig-
ures S3A–S3B) [22, 30]. Together, the results presented
here in combination to those previously described in
spd-2 mutants, suggest that SPD-2 and SPD-5 are mutu-
ally required for their localization to the centrosome.
SPD-2 Is Required for Centriole Duplication
The prominent centriolar localization of SPD-2 sug-
gested that it might be required for centriole function.
To follow centriole duplication, we used SAS-4 as a
marker of centriole number. In wt embryos at telophase,
two SAS-4-positive structures could be detected at
each pole of the mitotic spindle, indicating that the cen-
trioles had duplicated and disjoined (Figure 5A, wild-
type). In spd-2(RNAi) embryos, only two structures label-
ing for SAS-4 could be detected at any stage during the
first cell division (Figure 5A, spd-2(RNAi)). In older spd-2
(RNAi) embryos, in which multiple rounds of failed mito-
ses had occurred, no more than two structures labeling
for SAS-4 could be observed (Figure 5A, spd-2(RNAi)).
The analysis of SAS-4 staining in spd-2(RNAi) em-
bryos suggested that SPD-2 is required for centriole
duplication. However other possibilities exist that can
explain this observation. For instance, the centrioles
could duplicate normally, but not disjoin, making the
daughter centrioles undetectable at the light micro-
scope level. Another possibility is that SAS-4 does not
accumulate on the daughter centriole in the absence
of maternal SPD-2. Therefore, we examined centriole
number by using EM. In wt embryos, duplicated centri-
oles were observed at metaphase (Figure S4B). Since
spd-2 embryos do not have a bona fide metaphase, we
allowed spd-2(RNAi) embryos to undergo pronuclear
migration, pronuclear meeting, and NEBD before pro-
cessing them for EM. In the four spd-2(RNAi) embryos
serially sectioned and analyzed, only two single centri-
oles per embryo were observed (Figures 5B and S4C).
Figure 4. The Centrosomal Accumulation of SPD-2 during Centro- Taken together, our immunofluorescence and EM data
some Maturation Requires SPD-5 show conclusively that SPD-2 is required for centriole
(A) wt and spd-5(RNAi) embryos from GFP::SPD-2 transgenic worms duplication in C. elegans.
were submitted to time-lapse microscopy. Images acquired at differ-
ent times (seconds relative to NEBD) are shown.
(B) The fluorescence intensity of wt (n 4) and spd-5(RNAi) embryos
(n  4) was quantified and shown either as individual data points line). Note that in the absence of SPD-5, SPD-2 does not accumulate
(circles represent wt, crosses represent spd-5(RNAi) embryos) or on the centrosome. See Movies 3 and 4 (wt) and Movies 5 and 6
as a running average for wt (blue line) or spd-5(RNAi) embryos (red (spd-5(RNAi)) in the Supplemental Data.
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Figure 5. Centriole Duplication Also Fails in
spd-2(RNAi) Embryos
(A) wt and spd-2(RNAi) embryos were fixed
and stained for DNA (blue), MTs (green), and
the centriolar protein SAS-4 (red). Note that
in wt embryos at telophase, four structures
labeling for SAS-4 were observed, two at
each pole of the mitotic spindle (insets). In
spd-2(RNAi) embryos at the end of the first
cell division, only two SAS-4 positive struc-
tures were observed, suggesting that centri-
ole duplication did not occur. In spd-2(RNAi)
embryos allowed to undergo numerous
rounds of failed mitoses, only two structures
labeling for SAS-4 could be observed.
Merged images of the DNA, MT, and SAS-4
labelings are shown. Bar is 10 m.
(B) In serially sectioned spd-2(RNAi) em-
bryos, only two single centrioles were found
(n 4). Arrows point to the approximate posi-
tion of the centrioles relative to their position
in other sections. Bar is 1 m.
(C) wt and spd-5(RNAi) embryos were labeled
for DNA (blue), MTs (green), SAS-4, and
-tubulin. In a wt embryo at the 8-cell stage,
two structures labeling for SAS-4 could be
observed per cell (wt, SAS-4), and the centro-
somes contained variable amounts of
-tubulin depending on their cell cycle stage
(wild-type, -tubulin). In spd-5(RNAi) em-
bryos allowed to undergo numerous rounds
of failed mitoses, multiple centrioles could be
observed, even in the absence of -tubulin
recruitment. Merged images of the DNA and
MTs labeling are shown. Bar is 10 m.
Current Biology
870
We next wanted to determine if the centriole duplica- somes in C. elegans. This is in contrast to results ob-
tained in vitro with Xenopus egg extracts [37] and also intion defect observed in spd-2(RNAi) embryos was due
to their failure to recruit PCM or to a more direct role of other species, such as Drosophila, plants and mammals,
where centrosomes seem to be dispensable for spindleSPD-2 in centriole duplication. Since spd-5(RNAi) em-
bryos are unable to recruit PCM components [22], we assembly [38–41]. One possibility is that SPD-2 and
SPD-5 are also required for non centrosome-dependentasked if centriole duplication still occurred in the ab-
sence of SPD-5. We allowed spd-5(RNAi) embryos to spindle assembly. The other possibility is that spindles
in C. elegans require centrosomes. It will prove interest-undergo multiple rounds of failed mitoses before looking
at centriole number. Several SAS-4 structures were de- ing to further analyze if a noncentrosome spindle assem-
bly pathway exists in C. elegans and, if so, why thistected in spd-5(RNAi) embryos, while no significant
-tubulin staining was observed, confirming that PCM pathway is unable to compensate for the absence of
functional centrosomes.recruitment was efficiently blocked (Figure 5C). Four
GFP::SPD-2 dots were also observed at a similar stage In addition to its role in PCM recruitment, SPD-2 local-
izes to the centrioles and is required for their duplication.in GFP::SPD-2 embryos derived from hermaphrodites
exposed to spd-5 dsRNA (see Movies 5 and 6). Although Although SPD-2 could be a core component of the cen-
triole structure, the centriolar association of SPD-2 dif-we cannot unequivocally refute that undetectable
amounts of SPD-5 sufficient to promote centriole dupli- fers from the known core centriole protein SAS-4 [18,
19]. Both SPD-2 and SAS-4 are present on the spermcation still remain after RNAi, it should be noted that in
spd-2(RNAi) embryos, a significant amount of SPD-5 is centrioles, and in both cases RNAi does not affect this
localization because RNAi is largely ineffective in thestill present on the centriole, but centriole duplication
still fails (Figure S3A). Together these results suggest male germ line [18, 19]. After exposure of hermaphro-
dites to sas-4 dsRNA, the embryos produced containthat centriole duplication can still occur in the absence
of SPD-5 and that the centriole duplication defect ob- SAS-4, provided by the sperm, which remains stably
associated with the centriole throughout the cell cycleserved in spd-2(RNAi) embryos may be due to a specific
role of SPD-2 in centriole duplication rather than a gen- [18, 19]. In contrast, after exposure of hermaphrodites
to spd-2 dsRNA, the sperm-provided SPD-2 rapidly fallseral effect caused by the failure to recruit PCM.
off the centrioles. Taken together this suggests, using
the C. elegans definition, that unlike SAS-4, SPD-2 is
Discussion not a core centriolar component but is instead associ-
ated with the centriole. While the definition of a centriole
In this paper we show that C. elegans SPD-2 is required versus PCM component is somewhat semantic, in
for both centrosome assembly and centriole duplication. C. elegans embryos it does allow the comparison of
Through bioinformatics, we found that SPD-2 shares components that are probably built into the centriole
sequence homology to a human protein recently shown structure when it is being assembled and those that
to be a component of the mammalian centrosome [31]. bind to the centriole to perform downstream functions.
We have shown that spindle assembly most likely fails Taken together, our data suggest that SPD-2 binds to
in spd-2(RNAi) embryos because centrioles are unable the fully-formed centrioles to recruit PCM components
to efficiently recruit PCM components, a situation also necessary for MT nucleation and centriole duplication.
observed in spd-2 mutants [22, 30]. Three lines of evi- Thus, SPD-2 is a good candidate to be a primary scaf-
dence make us believe that the primary role of SPD-2 folding protein that links assembly of the centriole struc-
in PCM assembly is through the recruitment of SPD-5. ture to its downstream effectors. Recruitment of PCM
First, SPD-2 is present on the sperm centriole before components appears to proceed through the recruit-
and after fertilization, while SPD-5 is only recruited to ment of SPD-5 [22]. However, since SPD-5 is not neces-
the centrosome after meiosis, coincident with the onset sary for centriole duplication, SPD-2 may recruit other
of MT nucleation [22]. Second, SPD-2 is required for the factors that initiate centriole duplication. To date, no
recruitment of SPD-5 to the PCM. Third, in spd-5(RNAi) such factors have been identified in C. elegans, but by
embryos, low levels of SPD-2 are present on the cen- analogy with work in mammalian cells, SPD-2 may be
trosome, but no MT nucleation is observed, while in required to recruit CDK kinases [42, 43]. Future work
spd-2(RNAi) embryos, some SPD-5 is present and, con- on the C. elegans and mammalian homologs of these
comitantly, low levels of MT nucleation is observed. proteins should shed more light on this process.
Therefore, the MT nucleation activity of centrosomes
Experimental Proceduresseems to relate to the amount of SPD-5 present. We
did observe that during centrosome assembly, the re-
Time-Lapse Microscopy and Quantificationcruitment of SPD-2 to the PCM requires SPD-5. This
To generate GFP::SPD-2 transgenic worms, primers (5-AAACTAG
suggests other possible roles for SPD-2; for instance, TAATCTCTGTAATGAA-3, 5-GGCTTAAGTTACTTTCTATTCGA-3)
that SPD-2 and SPD-5 associate with the PCM as a containing SpeI or AflII sites (bold) were used in a PCR reaction
using N2 genomic DNA as a template. The resulting fragment, corre-protein complex. However, the weak PCM localization
sponding to amino acids 8–828 of SPD-2, was cloned in frame towhen compared to the prominent centriolar labeling
GFP to generate an N-terminal GFP::SPD-2 gene fusion in a vectorsuggests that this PCM localization may be secondary
containing pie-1 promoter sequence to ensure expression of theto its function in centrosome assembly.
transgene in the germline and spliced unc-119() as a selection
The fact that spindle assembly fails in the absence of marker. The TH42 worm strain was constructed by high-pressure
either SPD-2 or SPD-5 [22] strengthens the idea that ballistic bombardment (BioRad) of DP38 unc-119(ed3) homozy-
gotes. Considering that 100% of the progeny were rescued for unc-mitotic spindle assembly requires functional centro-
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119 and expressed GFP, we conclude that TH42 contains an inte- coated copper grids. For on-section immunolabeling, primary anti-
bodies against SPD-2 were diluted in blocking buffer containinggrated copy of the transgene.
0.8% bovine serum albumin, 0.01% Tween 20, and 0.1% fish scaleFor live imaging of GFP::SPD-2, embryos were mounted as pre-
gelatin (Nycomed, Amersham, Inc.) in PBS. The secondary goat anti-viously described [45] and imaged by using a Zeiss Axioplan II
rabbit IgG antibody was coupled with 10 nm colloidal gold (Britishmicroscope equipped with a Orca 100 camera (Hamamatsu) and a
BioCell, England). The antibody complex was stabilized by 1% glu-63 1.4 NA PlanApochromat objective (Zeiss) controlled by the
taraldehyde in PBS. Immunolabeled sections were poststained withMetamorph software package (Universal Imaging Corporation). Im-
2% uranyl acetate in 70% methanol for 4 min followed by aqueousages were acquired every 10 s by using a 550 ms exposure time
lead citrate for 2.5 min. Samples were imaged by using a TECNAIand 2 binning. For the quantification of centrosomal GFP:SPD-2
12 transmission electron microscope operated at 100 kV (Phillips).fluorescence, the bright centrosomal regions were circled and the
For the quantification of immunogold labeling, the distance of 160average fluorescence intensity of that region along with that of an
individual gold particles from the center of the centrosome (centri-identically sized background region determined by using the Meta-
ole) taken from 15 randomly selected images was determined andmorph software package (Visitron Systems); from these values, the
grouped as shown in Figure 2B.integrated fluorescence intensity was determined. To generate the
graph in Figure 5B, the data for the individual experiments was
Bioinformaticscombined and sorted by the time reference. A running average of
A BLAST-search using the C. briggsae ortholog of SPD-2 identifiedthe fluorescence intensity data was calculated by using a window
C. elegans SPD-2, with an E value of 1E-50, as the first and onlysize corresponding to 1/10 of the number of data points for wt and
hit. The two nematode sequences align from N to C terminus and
spd-5(RNAi), and both the individual data points and the running
share overall identity/similarity of 43% and 59%, respectively, with
averages were plotted using MatLab (v5.1). For time-lapse imaging
an alignment score of 1E-167. The SPD-2 gene has apparently un-
of GFP::-tubulin worms, embryos were mounted and imaged on a
dergone a high degree of divergence consistent with what is usually
Zeiss Axioplan II microscope equipped with a spinning-disc confo- observed between the two nematodes [32], yet the similarity of
cal head (QLC100; Visitech International), an Orca 100 camera (Ha- the two proteins is highly significant. The SPD-2 domain of the
mamatsu), and a 63 1.4 NA PlanApochromat objective (Carl Zeiss) nematodes shares 46% identity and 63% similarity and is therefore
controlled by the Metamorph software package (Universal Imaging slightly more conserved than the rest of the protein. The vertebrate
Corp.). Images were acquired every 10 by using an 800 ms exposure and Drosophila orthologs were confidently identified by a PSI-
time and 2 binning. For the quantification of MT build-up at centro- BLAST search against the nonredundant database. Likewise, back-
somes, images of wt embryos were acquired every 15 s by using a PSI-BLASTs by using the human sequence of the SPD-2-domain
500 ms exposure time and 2 binning (n  4). For spd-2(RNAi) identified the C. elegans and D. melanogaster sequence. The per-
embryos, images were acquired every 10 s by using a 939 ms expo- centages of identical and similar residues between C. briggsae and
sure time and 2 binning (n 4). Given that different imaging param- human are 21% and 41%, respectively, and the E value after the
eters were used for wt and spd-2(RNAi) embryos, the ratio between fourth iteration is 1E-81. The percent identity/similarity between the
the integrated fluorescence intensity value of the centrosomal region C. briggsae SPD-2 domain and its fly ortholog is 18%/41% (Figure
over that of a background region of identical area was calculated 3B). We would like to note that the search query had to be C. briggsae
and plotted over time. The results are shown as both individual data SPD-2, since the protein sequence of C. briggsae SPD-2 was at the
time not present in the nonredundant database, and at least twopoints and running averages as described above.
homologs are required to carry out a successful PSI-BLAST search.
The N terminus of the Asp proteins is confidently identified by PSI-
BLAST searches, and the SPD2-domain is identified by back-Electron Microscopy
BLASTs with the Asp N-terminal domain. The fact that the residuesCorrelative DIC/TEM was carried out as described [18]. A single wt
that are conserved between the different species of the Spd2-familyor spd-2(RNAi) early embryo was transferred to a marked region on
are also conserved in the Asp proteins further strengthens the hy-an aclar coverslip (Electron Microscopy Sciences) that was pre-
pothesis that these two domains are related and fulfill a similarviously glow discharged and coated with 1% poly-L-lysine (Sigma,
function. Accession numbers and domain boundaries for the SPD-2P1524) in PBS. The aclar coverslip was mounted on an inverted
orthologs are as follow: HsSpd2, Bab13395.1 (374–599); DmSpd2,Zeiss Axiovert 200M microscope, and the embryos were imaged
NP_648906.1 (707–928); CbSpd2, ENSCBRP00000013151 (494–through the aclar by using DIC. Embryos were placed in fixing solu-
733); and CeSpd2: NP_492414.1 (484–714). Accession numbers andtion (1 PHEM buffer (60 mM PIPES [pH 6.9], 25 mM HEPES [pH
amino acid positions (if known) in the Asp proteins are as follows:6.9], 10 mM EGTA, and 2 mM MgCl2 containing 2% glutaraldehyde HsAsp, NP_060606.2 (50–144); GgAsp, BU107436 (source: dbEST);
and 0.4% tannic acid) [20] and the eggshell permeabilized by using
XlAsp, BJ031648 (source: dbEST); and DrAsp, BF156705 (source:
a pulsed solid-state UV laser (PowerChip, JDS Uniphase) focused
dbEST).
with a 63 1.2 NA C-Apochromat water immersion-objective lens
(Carl Zeiss). After permeabilization, the embryos were incubated at
Supplemental Data
4C for an additional 30 min in fixing solution, washed three to four
Supplemental Data including Experimental Procedures, figures,
times in 1 PHEM buffer, and postfixed in 1 PHEM containing and movies are available at http://www.current-biology.com/cgi/
1% osmium tetroxide and 0.5% K3Fe(CN)6 [20]. The samples were content/full/14/10/863/DC1/.
dehydrated through a graded series of acetone baths, flat embed-
ded in Epon/Araldite, and remounted for thin, serial sectioning (Leica
Acknowledgments
Ultracut UCT microtome). Thin sections (70 nm) were collected on
Formvar-coated copper grids, poststained with 2% uranyl acetate The authors would like to thank Karen Oegema for antibodies to
in 70% methanol followed by aqueous lead citrate, and viewed SPD-2 and SPD-5; Michael Glotzer for communicating unpublished
in an FEI TECNAI 12 transmission electron microscope (Phillips) observations; David Drechsel and Mike Tipsword for protein expres-
operated at 100 kV. sion; Jana Ma¨ntler for EM; Andrei Pozniakovsky for bombardment
Immuno-EM was performed as previously published [18]. wt her- vectors; Glenis Wiebe for DNA sequencing; Andrea Zinke and Anne
maphrodites were cryoimmobilized by using an HPM 010 high-pres- Schwager for laboratory assistance; Carsten Ho¨ge, Friederike Quitt-
sure freezer (BAL-TEC). Samples were freeze substituted at 	90C nat, and Martin Srayko for comments on the manuscript; and Corne-
for 3 days in acetone containing 0.2% glutaraldehyde and 0.1% lia Lorenz for secretarial assistance. Certain strains used were pro-
uranyl acetate. The temperature was then raised progressively to vided by the C. elegans Genetics Center funded by the National
room temperature over a 48 hr period in an automatic freeze substi- Institutes of Health National Center for Research Resources (NCRR).
tution machine (Leica). Dehydrated specimens were embedded in During the course of this work, L.P. was supported by postdoctoral
LR White for thin sectioning. Thin sections (50–70 nm) were cut fellowships from the European Molecular Biology Organization and
the Human Frontiers Science Program.with a Leica ULTRACUT UCT microtome and collected on Formvar-
Current Biology
872
Received: January 22, 2004 22. Hamill, D.R., Severson, A.F., Carter, J.C., and Bowerman, B.
(2002). Centrosome maturation and mitotic spindle assembly inRevised: April 1, 2004
Accepted: April 2, 2004 C. elegans require SPD-5, a protein with multiple coiled-coil
domains. Dev. Cell 3, 673–684.Published online: April 15, 2004
23. Hannak, E., Kirkham, M., Hyman, A.A., and Oegema, K. (2001).
Aurora-A kinase is required for centrosome maturation inReferences
Caenorhabditis elegans. J. Cell Biol. 155, 1109–1116.
24. Strome, S., Powers, J., Dunn, M., Reese, K., Malone, C.J., White,1. Bornens, M. (2002). Centrosome composition and microtubule
J., Seydoux, G., and Saxton, W. (2001). Spindle dynamics andanchoring mechanisms. Curr. Opin. Cell Biol. 14, 25–34.
the role of -tubulin in early Caenorhabditis elegans embryos.2. Doxsey, S. (2001). Re-evaluating centrosome function. Nat. Rev.
Mol. Biol. Cell 12, 1751–1764.Mol. Cell Biol. 2, 688–698.
25. Hannak, E., Oegema, K., Kirkham, M., Gonczy, P., Habermann,3. Nigg, E.A. (2002). Centrosome aberrations: cause or conse-
B., and Hyman, A.A. (2002). The kinetically dominant assemblyquence of cancer progression? Nat. Rev. Cancer 2, 815–825.
pathway for centrosomal asters in Caenorhabditis elegans is4. Dammermann, A., Desai, A., and Oegema, K. (2003). The minus
-tubulin dependent. J. Cell Biol. 157, 591–602.end in sight. Curr. Biol. 13, R614–R624.
26. Schumacher, J.M., Ashcroft, N., Donovan, P.J., and Golden, A.5. Khodjakov, A., and Rieder, C.L. (1999). The sudden recruitment
(1998). A highly conserved centrosomal kinase, AIR-1, is re-of -tubulin to the centrosome at the onset of mitosis and its
quired for accurate cell cycle progression and segregation ofdynamic exchange throughout the cell cycle, do not require
developmental factors in Caenorhabditis elegans embryos. De-microtubules. J. Cell Biol. 146, 585–596.
velopment 125, 4391–4402.6. Palazzo, R.E., Vogel, J.M., Schnackenberg, B.J., Hull, D.R., and
27. Matthews, L.R., Carter, P., Thierry-Mieg, D., and Kemphues, K.Wu, X. (2000). Centrosome maturation. Curr. Top. Dev. Biol. 49,
(1998). ZYG-9, a Caenorhabditis elegans protein required for449–470.
microtubule organization and function, is a component of mei-7. Glover, D.M., Hagan, I.M., and Tavares, A.A. (1998). Polo-like
otic and mitotic spindle poles. J. Cell Biol. 141, 1159–1168.kinases: a team that plays throughout mitosis. Genes Dev. 12,
28. Fraser, A.G., Kamath, R.S., Zipperlen, P., Martinez-Campos, M.,3777–3787.
Sohrmann, M., and Ahringer, J. (2000). Functional genomic anal-
8. Dutertre, S., Descamps, S., and Prigent, C. (2002). On the role
ysis of C. elegans chromosome I by systematic RNA interfer-
of aurora-A in centrosome function. Oncogene 21, 6175–6183.
ence. Nature 408, 325–330.
9. Berdnik, D., and Knoblich, J.A. (2002). Drosophila Aurora-A is
29. Zipperlen, P., Fraser, A.G., Kamath, R.S., Martinez-Campos, M.,
required for centrosome maturation and actin-dependent asym-
and Ahringer, J. (2001). Roles for 147 embryonic lethal genes
metric protein localization during mitosis. Curr. Biol. 12,
on C.elegans chromosome I identified by RNA interference and
640–647.
video microscopy. EMBO J. 20, 3984–3992.
10. Lane, H.A., and Nigg, E.A. (1996). Antibody microinjection re- 30. O’Connell, K.F., Maxwell, K.N., and White, J.G. (2000). The spd-2
veals an essential role for human polo-like kinase 1 (Plk1) in the gene is required for polarization of the anteroposterior axis and
functional maturation of mitotic centrosomes. J. Cell Biol. 135, formation of the sperm asters in the Caenorhabditis elegans
1701–1713. zygote. Dev. Biol. 222, 55–70.
11. Hinchcliffe, E.H., Li, C., Thompson, E.A., Maller, J.L., and Sluder, 31. Andersen, J.S., Wilkinson, C.J., Mayor, T., Mortensen, P., Nigg,
G. (1999). Requirement of Cdk2-cyclin E activity for repeated E.A., and Mann, M. (2003). Proteomic characterization of the
centrosome reproduction in Xenopus egg extracts. Science 283, human centrosome by protein correlation profiling. Nature 426,
851–854. 570–574.
12. Meraldi, P., Lukas, J., Fry, A.M., Bartek, J., and Nigg, E.A. (1999). 32. Stein, L.D., Bao, Z., Blasiar, D., Blumenthal, T., Brent, M.R.,
Centrosome duplication in mammalian somatic cells requires Chen, N., Chinwalla, A., Clarke, L., Clee, C., Coghlan, A., et al.
E2F and Cdk2-cyclin A. Nat. Cell Biol. 1, 88–93. (2003). The genome sequence of Caenorhabditis briggsae: a
13. Mayor, T., Stierhof, Y.D., Tanaka, K., Fry, A.M., and Nigg, E.A. platform for comparative genomics. PLoS Biol 1(2): e45
(2000). The centrosomal protein C-Nap1 is required for cell DOI:10.1371/journal.pbio.0000045.
cycle-regulated centrosome cohesion. J. Cell Biol. 151, 33. do Carmo Avides, M., and Glover, D.M. (1999). Abnormal spindle
837–846. protein, Asp, and the integrity of mitotic centrosomal microtu-
14. Mayor, T., Hacker, U., Stierhof, Y.D., and Nigg, E.A. (2002). The bule organizing centers. Science 283, 1733–1735.
mechanism regulating the dissociation of the centrosomal pro- 34. Bond, J., Roberts, E., Mochida, G.H., Hampshire, D.J., Scott,
tein C-Nap1 from mitotic spindle poles. J. Cell Sci. 115, 3275– S., Askham, J.M., Springell, K., Mahadevan, M., Crow, Y.J.,
3284. Markham, A.F., et al. (2002). ASPM is a major determinant of
15. Fry, A.M. (2002). The Nek2 protein kinase: a novel regulator of cerebral cortical size. Nat. Genet. 32, 316–320.
centrosome structure. Oncogene 21, 6184–6194. 35. Ripoll, P., Pimpinelli, S., Valdivia, M.M., and Avila, J. (1985). A
16. Faragher, A.J., and Fry, A.M. (2003). Nek2A kinase stimulates cell division mutant of Drosophila with a functionally abnormal
centrosome disjunction and is required for formation of bipolar spindle. Cell 41, 907–912.
mitotic spindles. Mol. Biol. Cell 14, 2876–2889. 36. Gonzalez, C., Saunders, R.D., Casal, J., Molina, I., Carmena, M.,
17. O’Toole, E.T., McDonald, K.L., Mantler, J., McIntosh, J.R., Ripoll, P., and Glover, D.M. (1990). Mutations at the asp locus
Hyman, A.A., and Muller-Reichert, T. (2003). Morphologically of Drosophila lead to multiple free centrosomes in syncytial
distinct microtubule ends in the mitotic centrosome of Caeno- embryos, but restrict centrosome duplication in larval neuro-
rhabditis elegans. J. Cell Biol. 163, 451–456. blasts. J. Cell Sci. 96, 605–616.
18. Kirkham, M., Muller-Reichert, T., Oegema, K., Grill, S., and Hy- 37. Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R.,
man, A.A. (2003). SAS-4 is a C. elegans centriolar protein that Becker, P., Hyman, A., and Karsenti, E. (1996). Self-organization
controls centrosome size. Cell 112, 575–587. of microtubules into bipolar spindles around artificial chromo-
19. Leidel, S., and Gonczy, P. (2003). SAS-4 is essential for centro- somes in Xenopus egg extracts. Nature 382, 420–425.
some duplication in C elegans and is recruited to daughter 38. Khodjakov, A., Rieder, C.L., Sluder, G., Cassels, G., Sibon, O.,
centrioles once per cell cycle. Dev. Cell 4, 431–439. and Wang, C.L. (2002). De novo formation of centrosomes in
20. O’Connell, K.F., Caron, C., Kopish, K.R., Hurd, D.D., Kemphues, vertebrate cells arrested during S phase. J. Cell Biol. 158, 1171–
K.J., Li, Y., and White, J.G. (2001). The C. elegans zyg-1 gene 1181.
encodes a regulator of centrosome duplication with distinct 39. Bonaccorsi, S., Giansanti, M.G., and Gatti, M. (2000). Spindle
maternal and paternal roles in the embryo. Cell 105, 547–558. assembly in Drosophila neuroblasts and ganglion mother cells.
21. Bobinnec, Y., Fukuda, M., and Nishida, E. (2000). Identification Nat. Cell Biol. 2, 54–56.
and characterization of Caenorhabditis elegans -tubulin in di- 40. Smirnova, E.A., and Bajer, A.S. (1992). Spindle poles in higher
viding cells and differentiated tissues. J. Cell Sci. 113, 3747– plant mitosis. Cell Motil. Cytoskeleton 23, 1–7.
41. Smirnova, E.A., and Bajer, A.S. (1998). Early stages of spindle3759.
Centrosome Assembly in C. elegans
873
formation and independence of chromosome and microtubule
cycles in Haemanthus endosperm. Cell Motil. Cytoskeleton 40,
22–37.
42. Hinchcliffe, E.H., and Sluder, G. (2001). Centrosome duplication:
three kinases come up a winner! Curr. Biol. 11, R698–R701.
43. Hinchcliffe, E.H., and Sluder, G. (2002). Two for two: Cdk2 and
its role in centrosome doubling. Oncogene 21, 6154–6160.
44. Carmena, M., and Earnshaw, W.C. (2003). The cellular geogra-
phy of aurora kinases. Nat. Rev. Mol. Cell Biol. 4, 842–854.
45. Gonczy, P., Pichler, S., Kirkham, M., and Hyman, A.A. (1999).
Cytoplasmic dynein is required for distinct aspects of MTOC
positioning, including centrosome separation, in the one cell
stage Caenorhabditis elegans embryo. J. Cell Biol. 147,
135–150.
46. Kemp, C.A., Kopish, K.R., Zipperlen, P., Ahringer, J., and O’Con-
nell, K.F. (2004). Centrosome maturation and duplication in
C. elegans require the coiled-coil protein SPD-2. Dev. Cell 6,
511–523.
